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I.  INTRODUCTION

The amount of released activated air from the target areas is monitored using a thin 1.75”
diameter end-window GM tube installed inside a thick-walled lead canister! (see Figure 1).
Several different isotopes were identified in the grab-sample taken from the APO stack. These
isotopes emit different combinations of positrons, electrons and gamma-rays. To convert the count
rate from a GM tube to activity (in Curies), the detection efficiency of the tube is required.

Detection efficiency of the GM tubes depends on the energy and type of incident radiation.
Gas-filled detectors generally have reasonably good intrinsic efficiency (e~1) for charged
particles, but not for photons. The intrinsic efficiency of GM tubes to gamma rays is <0.01 and is
a decreasing function of photon energy. In the following sections the calculation of the parameters
used in determining the beta-particle detection efficiency of GM tubes (N1002/8767 “pancake” GM
Tube?) used in our measurements are described.

I1. AL TI

The GM tube’s detection efficiency was calculated using

SGM:fgeomxfdlebksctxfix slf__absxftrans :

The terms in the above equation will be described in the following sub-sections and the method of
calculation of each one will be presented.

Geometry factor f

geom

The geometry factor is defined as the fraction of the total solid angle subtended by a source
to a detector aperture. The solid angle presented by an extended cylindrical source to a circular
aperture detector was approximated by calculating the solid angle presented by a disk source and a

circular aperture detector (see Figure 2)3+4 the same as the GM tube used in the study;

3 H(H+D
fgeom = Gp{l_—g—bz['_(_ﬁ—"“)':l}a

where b is the radius of the source, H is the distance between the source and detector and D is
given by

D=vH*+ad* ,
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where a is the radius of the detector aperture. Gp is the fractional solid angle for a point source on
the axis of a circular aperture detector given by

1 a*
Gr= 5[D(D+H)}'

Dead time correction f,

The GM tube and its associated electronics have a characteristic pulse resolving time or
dead time that is related to the time required to process individual detected events. This dead time
causes loss of detected events, but it can be corrected for if the pulse width and the detected count
rate are known, using

__R,
R = TRz
where R, 1is the true count rate, R, is the detected count rate and 7 is the resolving time. The
signal out of the GM tube and after processing had a maximum width of 70 g -seconds. The ratio

R,/ R,, wasusedas f,.

Backscattering f,,..,

Large-angle deflection of beta-particles along their track is the phenomenon of back
scattering. The amount of back scattering is dependent on the atomic number and thickness of the

scatterer and the beta-particle energyS. Back scattering of beta-particles from the sample and its
container increases the sample counting rate and can amount to 10-40 percent of the total counting
rate. The back scattering fraction is calculated using

-_ 9
1+a,7%

where 7 is the kinetic energy of the electron in units of electron rest mass (0.511 MeV) and g; is
target dependent and given by

a,=b cxp(——bZZ b ),
a,=b,+bZ7",
613 = b7 - % .
The constants b; were obtained from fitting to a large set of experimental data ranging from about
50 keV up to 22 MeV in energy and atomic number from 6 to 92:
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b, =1.15%0.06 b, =8.35+0.25
by =0.525+0.020 b, =0.0185+0.0019
by=15.7+3.1 bs =1.59+0.07

b; =1.56£0.02 by =4.421+0.18

The back scattering coefficient is

Sorsa =1+17 .

The energy of the back scattered beta-particle depends on the incident energy and the
scattering angle. Because of the continuous energy spectrum of the beta-particles, the two
quantities commonly used are the maximum and the average beta energies.6,7 For the back
scattering approximation one also has to sum and average over the backward angles. Due to the
complexity of the analytical calculations involved, for practical applications an empirical
relationship was used8. This relation is obtained by fitting to a range of beta emitting nuclides of
atomic numbers from 10 to 92 and energies from 100 keV to 4 MeV:

E, _158+2Z
E, 251 °
E, _123+Z
E 216 °

where E, and E, are the energies of the back scattered beta of maximum energy E, and average

energy E respectively. The APO grab sample is inside a lead container (Z=82). Forty percent of
the beta-particles back scatter from the lead walls and lose only 5% of their kinetic energy. Ten
percent of the beta-particles back scatter from the aluminum backing of the sample-changer’s
calibration sources and lose about 37% of their energy upon back scattering.

Backscattering of positrons versus electrons lei

Based only on single scattering cross section, there is an excess of electrons back scattering
over positron back scattering. Experimental results® show a weak Z dependence and an average
B~ /B*=1.3. Theoretically calculated value is lower than experimental measurements (1.1 for
2=80). Considering these factors, a value of 1.2 was adopted in this paper. The back scattering

calculations presented in the previous subsection ignores this effect; therefore, it is included here as
a separate factor.

Self —absorption [y 4,

A sample can absorb some of the beta-particles it emits10,11,12,13 " This phenomenon of
self absorption depends on the sample thickness and the beta-particle energy. Self absorption will
affect the observed counting rate of the sample. It is assumed that beta-particles undergo
approximate exponential attenuation, with a half thickness 4. The counting efficiency depends on

source thickness 7, (assuming the source diameter remains constant) and the absorption efficiency
is given by
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Absorption efficiency = 5 6}; oy [1 _ exp( :2%9}__{ )]

The transmission efficiency is then calculated using
Fye s =1— Absorption efficiency .

For i (the half value layer in mg/cmz), it was assumed that itis = 0.1R , where R, is the range of
the beta-particle. Trajectories of electrons through matter are not straight. Electrons go through
large deflections due to their collisions with atomic electrons. As the energy of the electron
traversing material increases, energy loss due to radiation increases exponentially. Electrons do

not have a well-defined range as do heavier charged particles. Based on empirical datal4, the
following relation for the calculation of the ranges of beta-particles has been obtained. This
relation is valid for electrons of 10keV to 3 MeV kinetic energy;

R,(mg/cm®)=412E"
n=1.265-0.0954 x In(E)

where E is the beta-particle kinetic energy in MeV.

Window transmission f,,,,

The fraction of beta-particles transmitted through the GM tube’s thin window depends on
the window material, thickness and the beta-particle incident energy. The GM tube manufacturer
provides a beta-particle transmission graph for the Mica window it uses!S (see Figure 3). The
transmission coefficients were obtained from this graph, for beta energies up to 750 keV (which
corresponds to up to 95% transmission) by interpolation. For beta energies above 750 keV,
transmission coefficients were obtained by extrapolation.

III. RESULTS
APC system

As a cross check, the efficiency of the GM tube was calculated for several beta emitting
standard sources and was compared with the measured values that were obtained from the
calibration of the APC wipe counting system!6. The sources were on wipes with aluminum
backing with the same diameter as the GM tube, which is 1.75 inches. The source detector
separation was 1£0.1 cm. Self absorption in the source material was ignored, since the sources
used were extremely thin. The calculated and measured efficiencies are given in Table I;



R.P. Note 105

page S

ISOtOpe E—B (MeV) ﬁt 8calculated (%) gmeasured (%)
TiC 0.04947 5 3.7£0.2 38 T 3.4
2Nq 0.21554 B* 15.7+ 2. 149 +33
90 r( ——~>90Y) ->852451§ B 420+ 2.5 405+24
9T 0.08460 B 9.9+ 0.5 9.2+3.2

Table I. Comparison of the measured and calculated efficiencies for beta

emitting sources used for APC system calibration.

APOQ lead — pig

The GM detector used for the APO measurements had a 1.75” diameter Mica window with

an average thickness of 1.7 mg/cm?. The lead-pig used for taking grab samples has a right circular
cylinder volume of 19.05 cm diameter and 22 cm deep.

Since the distance between the air sample and the GM detector is not fixed, an approximate
average value for f,,,,, was calculated by assuming one thousand distances ranging from zero to
22 cm, for source to detector separation and averaging.

The maximum count rate was about 20 counts per second and this value was used for dead
time corrections.

Self absorption coefficient was obtained for the direct beta-particles and for the fraction that
was back scattered with the energy Eg . A weighted average of the direct and back scattered self
absorption factors was used to obtain fy;c .,

1O x Fslf__abs(E) + nx Fslf__abs(ES)

f sif _abs =
- J bkset

Transmission coefficient was obtained for the direct beta-particles and for the fraction that
was back scattered with the energy E; . A weighted average of the direct and back scattered
transmission factors was used to obtain f,,,,, ,

_ 1.Ox Td[rect +nX Tbackscattered

trans —

f bksct

The calculated parameters and efficiencies for the radioisotopes identified in the APO grab samples
are presented in Table II. Common parameters to all the isotopes are S geom =0.1699 and

£, =0.9986 .
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Isotope | Ej(MeV) | f gt biscr Fetf_avs (%) irans(%) &(%)
13N 0.4918 B 1.413 59.9 91.7 13.2
e 0.3856 B* 1.417 49.8 89.0 10.7
3801 553 | g | 1435 EW) 390 313
3901 0.821 B 1.479 76.3 95.7 18.3
41Ar 0.464 - 1.497 57.5 91.2 13.3

Table II.  Calculated parameters and efficiencies for the beta emitting isotopes
identified in the APO grab sample.
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Figure 1. Schematic drawing of the APO stack monitor. The walls are 2 inch thick lead.

glzside radius of the circular cross section is 9.525 cm. The depth of the cylinder is
. cm.
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Figure 2. Relation of source and aperture. The upper circle represents the circular aperture to
a counter , the lower circle represents a parallel disk source centered on the counter
axis. The relevant parameters H, D, a, b are described in the text.
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Figure 3. Beta transmission graph as a function of window thickness and beta-particle energy
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